Abstract
INTRODUCTION

ΧΑ
Francisella tularensis is a Gram-negative bacterium causing the disease tularaemia in ΧΒ a large number of animal species. This highly infectious bacterial pathogen can be ΧΧ transmitted to humans in numerous ways (4), including direct contact with sick Χ∆ animals, inhalation, ingestion of contaminated water or food, or by bites from ticks, ΧΕ mosquitoes or flies. Four different subspecies (subsp.) of F. tularensis that differ in ΧΦ virulence and geographic distribution exist, designated subsp. tularensis (type A), ΧΓ subsp. holarctica (type B), subsp. novicida and subsp. mediasiatica. F. tularensis ΧΗ subsp. tularensis is the most virulent subspecies causing a severe disease in humans, ∆?
whereas F. tularensis subsp. holarctica causes a similar disease but of less severity ∆≅ (30). Because of its high infectivity and lethality, F. tularensis is considered a ∆Α potential bioterrorism agent (23). ∆Β F. tularensis is a facultative intracellular pathogen that is believed to replicate in vivo ∆Χ mainly inside infected macrophages (23, 30) . In order to survive in this stressful ∆∆ environment, the bacterium has developed stress resistance mechanisms, including the ∆Ε production of chaperones to assist proper protein folding. In this respect, we have ∆Φ shown previously (21) that the folding chaperone ClpB, a member of the AAA+ ∆Γ family of ATPases (ATPases Associated with diverse cellular Activities), played a ∆Η critical role in the pathogenesis of F. tularensis. Expression of clpB, as well as that of Ε?
other genes encoding predicted heat shock proteins, is under the control of sigma -32 Ε≅ 
MATERIALS AND METHODS
ΓΦ ΓΓ
Bacterial strains and plasmids. Francisella tularensis LVS was grown on pre-made ΓΗ chocolate agar (BioMerieux SA Marcy l'Etoile, France) chocolate plates prepared Η?
from GC medium base, IsoVitalex vitamins and hemoglobin (BD Biosciences, San Η≅ Jose, CA, USA), in BioMerieux) at ΗΑ 37°C. All bacterial strains, plasmids, and primers used in this study are listed in Table  ΗΒ 
ΗΧ Η∆
Construction of LVS-200-ins, LVS-205-ins and LVS-206-ins insertion mutants. ΗΕ
Inactivation of genes FTL_0200, FTL_0205 and FTL_0206 was performed by ΗΦ insertion of a recombinant suicide plasmid, as described previously (21). Briefly, an ΗΓ internal fragment of each gene (396 bp, 357 bp and 359 bp, for FTL_0200, FTL_0205 ΗΗ and FTL_0206, respectively) was amplified by PCR using primers 34 to 39 (see ≅?? primers used in Table 1 ). The fragments were cloned into the XbaI and EcoRI sites of ≅?≅ the suicide vector pSW29T (9) and the resulting plasmid was mobilized into F. ≅?Α tularensis LVS by conjugation from E. coli strain S17-1 λpir. After 16 h incubation at ≅?Β room temperature, the bacterial material was scraped off the plate and incubated in ≅?Χ Schaedler-K3 broth containing 100 µg mL -1 polymyxin B. After 3 h incubation at ≅?∆ 37°C with agitation, bacteria were spread onto chocolate agar plates containing 100 ≅?Ε µg mL -1 polymyxin B and 5 µg mL -1 kanamycin to select for F. tularensis ≅?Φ transconjugants. Single colonies appeared after 3-6 days, and were re-purified. ≅?Γ Plasmid insertion in either FTL_0205 or FTL_0206 was verified by PCR using a ≅?Η combination of a plasmid primer (pSW29T_T3 or pSW29T_T7) and a gene-specific ≅≅?
primer that anneal outside the region cloned on the plasmid. The presence of a single ≅≅≅ was performed with Taq polymerase Dynazyme (Finnzymes), and the products were ≅Α≅ purified using QIAquick PCR purification kit (Qiagen, CA, USA). Two μl of each ≅ΑΑ purified product were included in a PCR reaction mix without primers and treated in ≅ΑΒ 20 cycles of PCR (94°C, 40 s; 48°C, 40 s; 72°C, 90 s) to anneal and extend the ≅ΑΧ crossover product. Next, 2 μl of the extended crossover product was used as template ≅Α∆ for PCR using primers 19 and 22. The gel-purified 1.8 kb fragment was digested with ≅ΑΕ AvrII et SalI (New England Biolabs) and cloned into XbaI-SalI digested pPV (12) . ≅ΑΦ The plasmid was introduced into F. tularensis LVS by conjugation from E. coli strain ≅ΑΓ S17-1. S17-1/pPV-MoxR and LVS were grown to exponential phase and mixed (ratio ≅ΑΗ of approximately 1:20) in 0.9% NaCl and spotted onto Schaedler medium agar plates ≅Β?
(BioRad) supplemented with MEM vitamins (Sigma-Aldrich). Plates were incubated ≅Β≅ at 25°C for 16 h and bacterial material was recovered in Schaedler K3 medium ≅ΒΑ (Biomerieux) supplemented with 100 μg m L -1 polymyxin B (Sigma). After 3 h ≅ΒΒ incubation at 37°C (to eliminate the majority of E. coli), bacteria were spread on ≅ΒΧ chocolate agar plates containing 100 μg mL -1 polymyxin B and 1.75 μg mL -1 ≅Β∆ chloramphenicol. Colonies appeared after 5-6 days incubation at 37°C and were ≅ΒΕ on September 23, 2017 by guest http://iai.asm.org/ Downloaded from Φ subsequently passed once on plates with selection followed by a passage in liquid ≅ΒΦ media without selection (to allow recombination to occur). Next, bacteria were passed ≅ΒΓ once on agar plates containing 5% sucrose. Isolated colonies were checked for loss of ≅ΒΗ the wild type FTL_0200 gene by size analysis of the fragment obtained after PCR ≅Χ?
using primers 25 and 26 (that anneal to the regions outside the fragment cloned in ≅Χ≅ pPV-∆FTL_0200). Furthermore, colonies were verified to be F. tularensis using F. ≅ΧΑ tularensis primers 27 and 28. One colony harboring a FTL_0200 deletion, as ≅ΧΒ determined by PCR analysis, was used for further studies. Genomic DNA was ≅ΧΧ isolated and used as template in a PCR reaction using the 5'up-moxR and 3'down-≅Χ∆ moxR primer pair. The PCR product was directly sequenced using primers ∆moxR-≅ΧΕ FW and ∆moxR-RV, to verify the presence of the complete deletion of the FTL_0200 ≅ΧΦ gene. ≅ΧΓ ≅ΧΗ Functional complementation. The plasmid used for complementation of the ≅∆? ∆FTL_0200 mutant, pFNLTP6pgro-moxR, was constructed by amplifying a 1,176 bp ≅∆≅ fragment (corresponding to the sequence 200 bp upstream of the FTL_0200 start ≅∆Α codon and to 20 bp downstream of the stop codon) using primers Compl-moxR-FW ≅∆Β and Compl-moxR-RV (see Table 1 ), followed by digestion with NdeI and NotI, and ≅∆Χ cloning into plasmid pFNLTP6pgro (19). The plasmids pFNLTP6pgro (empty ≅∆∆ plasmid) and pFNLTP6pgro-moxR (complementing plasmid) were introduced into ≅∆Ε LVS and the ∆FTL_0200 mutant by electroporation as described previously (21 time in an experiment, the assay was performed in triplicate. Each experiment was ≅Η≅ independently repeated at least three times and the data presented originate from one ≅ΗΑ typical experiment. ≅ΗΒ ≅ΗΧ Electron microscopy. To perform electron microscopy of infected cells, we infected ≅Η∆ murine macrophages J774 with LVS and LVS∆FTL_0200 bacteria. Samples for ≅ΗΕ electron microscopy were prepared using the thin-sectioning procedure, as described ≅ΗΦ The following pair of primers was used to amplify the mRNA corresponding to the Α≅∆ transcript of both FTL_0200 and FTL_0201 genes: primer 1 (in the distal part of Α≅Ε FTL_0200, coding strand) and primer 2 (in the proximal part of FTL_0201, Α≅Φ complementary strand). Similarly, to amplify the mRNA corresponding to the Α≅Γ transcript of two consecutive (or more) genes, one primer was chosen in the distal part Α≅Η of the first gene and the other, in the proximal part of the last gene (see Table 1 ). ΑΑ?
ΑΑ≅
Quantitative real-time RT-PCR. F. tularensis LVS and LVS∆FTL_0200 mutant ΑΑΑ strain was grown at 37°C to OD 600 ~ 0 . 1 in Schaedler-K3 broth. After 4 h of ΑΑΒ incubation, samples were harvested and RNA was isolated. One microgram of RNA ΑΑΧ was reverse transcribed using random hexamers and Superscript II reverse ΑΑ∆ transcriptase (Invitrogen) according to the protocol provided by the manufacturer. ΑΑΕ Real-time RT-PCR was performed with gene-specific primers using an ABI PRISM ΑΑΦ 7700 and SYBR green PCR master mix (Applied Biosystems, Foster city, CA, USA). ΑΑΓ To calculate the amount of gene-specific transcript, a standard curve was plotted for ΑΑΗ each primer set using a series of diluted genomic DNA from LVS. The amounts of ΑΒ?
FTL_0227, FTL_1433 and FTL_1947 transcripts were normalized to helicase gene ΑΒ≅ (FTL_1656) transcript, whose expression is only slightly changed during growth (6). (Table 1 ). The cDNA was purified ΑΒΓ using QIAquick PCR purification kit (Qiagen, Valencia, CA, USA), poly C tailed at ΑΒΗ the 3' end, and amplified by PCR using the gene-specific primer 29 and the the poly ΑΧ?
A tail-specific primer oligo dG-anchor. An aliquot of the PCR product was used as ΑΧ≅ template in a second PCR with primer 30 and PCR anchor primers. Then an aliquot of ΑΧΑ the second PCR product was used as template in a third PCR with primer 31. The ΑΧΒ have been yet poorly studied. The name MoxR (mox, for methanol-oxidizing system) Β≅∆ was initially attributed to a protein from Paracoccus denitrificans, a Gram-negative Β≅Ε bacterium capable of growing on methanol as a carbon source (36). For Β≅Φ simplification, the locus (FTL_0200 -FTL_0209) will be designated the moxR locus Β≅Γ in the rest of the text. Β≅Η The proximal part of this locus (Fig. 1B) (Fig. 2) . ΒΧΑ ΒΧΒ Transcriptional analysis. We first monitored transcription of the moxR locus by RT-ΒΧΧ PCR in the LVS wild-type strain grown in laboratory conditions (Schaedler-K3 broth ΒΧ∆ in exponential growth phase). The 10 genes of the locus were transcribed (not shown), ΒΧΕ suggesting that they encoded functional proteins. RT-PCR analyses further confirmed ΒΧΦ that all the genes were also co-transcribed 2 by 2 and 3 by 3 (Fig. 3A) . Altogether, ΒΧΓ these results strongly suggest that this locus constitutes an operon. ΒΧΗ
We then performed rapid amplification of cDNA ends (5′-RACE) to determine the 5′ Β∆?
on September 23, 2017 by guest http://iai.asm.org/ Downloaded from ≅Ε end of the FTL_0200 mRNA. This revealed that transcription is initiated 29 Β∆≅ nucleotides upstream the translational start (GTG, Fig. 3B ). Inspection of the Β∆Α sequence immediately upstream the transcriptional start identified putative -10 and -Β∆Β 35 promoter elements that share striking homology to the consensus site recognized Β∆Χ by the alternative sigma factor σ 32 in F. tularensis (13). The same elements are found Β∆∆ in the promoter regions of clpB as well as many heat shock genes in F. tularensis Β∆Ε LVS (such as the groES, dnaK and grpE genes). Of interest, the genes FTL_0201, Β∆Φ FTL_0202 and FTL_0203 are l i s t ed among the genes whose expression was Β∆Γ significantly up-regulated after temperature up-shift (13), further supporting the Β∆Η notion of a σ 32 -dependent expression of the moxR locus. ΒΕ? ΒΕ≅ Construction and characterization of insertion mutants. We first tested whether ΒΕΑ genes of the moxR locus could be involved in pathogenesis by individually ΒΕΒ inactivating several genes of the locus. We chose FTL_0200, the first gene of the ΒΕΧ locus; FTL_0205, in the middle of the locus (encoding one of the two proteins with ΒΕ∆ TPR motifs); and FTL_0206, the BatD ortholog. For this, we used the simple plasmid ΒΕΕ insertion mutagenesis, described previously (21; see Materials and Methods for ΒΕΦ details). For each construct, we performed RT-PCR on the gene lying immediately ΒΕΓ downstream. In all three cases, a transcript of the downstream gene was detected ΒΕΗ suggesting a lack of major polar effect of the insertion (data not shown). In broth, the ΒΦ? growth of the three insertion mutant was undistinguishable from that of wild-type ΒΦ≅ LVS, indicating that in these strains, the transposon insertion had no deleterious ΒΦΑ impact on bacterial multiplication and viability (data not shown). In vitro infection ΒΦΒ studies of LVS, LVS FTL_0200-ins, LVS FTL_0205-ins and LVS FTL_0206-ins ΒΦΧ mutant strains were performed, using THP1 and J774 cells (Fig. 4) . In THP-1 cells, ΒΦ∆ on September 23, 2017 by guest http://iai.asm.org/ Downloaded from ≅Φ intracellular multiplication of the three insertion mutants was impaired. An average ΒΦΕ 10-fold reduction in the number of intracellular bacteria was observed after 24 h and ΒΦΦ 48 h, as compared to LVS (Fig. 4A1) . In the cell line J774, a 10-fold reduction of the ΒΦΓ number of bacteria was recorded at 24 h, in two of the three mutant strains, with a ΒΦΗ plateau reached at this time point. However, at 48 h, the number of LVS bacteria ΒΓ?
decreased and was similar to that of the mutants (Fig. 4A2) . These data confirmed the ΒΓ≅ importance of the moxR locus, in intracellular survival and/or multiplication of the ΒΓΑ
bacterium, ΒΓΒ
To determine if the moxR locus plays a role in the ability of F. tularensis to cause ΒΓΧ disease, we infected 6-to 8-week old BALB/c mice with the LVS and LVS insertion ΒΓ∆ mutant strains. Groups of five mice were inoculated by the intraperitoneal (i.p.) route ΒΓΕ with different numbers of bacteria and survival of the mice was followed for 12 days ΒΓΦ (Fig. 4B) , and 10 5.2 bacteria, respectively. These results ΒΓΗ indicated that the three genes encoded in the moxR locus were required for full ΒΗ?
virulence of F. tularensis LVS in the mouse model. ΒΗ≅ ΒΗΑ Construction and characterization of a ∆FTL_0200 deletion mutant. As ΒΗΒ mentioned above, FTL_0200 is the only protein encoded by the proximal portion of ΒΗΧ the locus that shares sequence similarity with other proteins of experimentally-ΒΗ∆ determined functions. We therefore decided to focus on the role of gene FTL_0200 ΒΗΕ and constructed a chromosomal deletion mutant of LVS lacking the entire FTL_0200 ΒΗΦ gene. The mutant strain was designated LVS∆FTL_0200. We also constructed a ΒΗΓ complemented strain by introducing, in LVS∆FTL_0200, a wild-type copy of the ΒΗΗ (Fig. 5A2) . Introduction of the Χ≅?
complementing plasmid (pFNLTP6pgro-moxR) restored bacterial viability to same Χ≅≅ level as in the wild-type parent in both cell types, demonstrating the specific Χ≅Α involvement of gene FTL_0200 in intracellular survival. Χ≅Β We further examined if there was any difference in the ability of LVS and Χ≅Χ LVS∆FTL_0200 strains to survive in activated macrophages (Fig. 5B) , by treating Χ≅∆ J774 cells with 100 U mL -1 interferon-gamma (IFNγ) before infection. As observed Χ≅Ε before (18), LVS was sensitive to activation of macrophages by IFNγ. Indeed, a Χ≅Φ strong decrease of multiplication was observed after 24 h in the presence of IFNγ with Χ≅Γ both LVS and LVS∆FTL_0200 (4 and 3 logs, respectively). After 48 h, Χ≅Η LVS∆FTL_0200 was no longer detectable, while LVS bacteria could still be observed ΧΑ?
in similar amount as at 24 h. ΧΑ≅ Infection of J774 cells was further followed by thin section electron microscopy, as ΧΑΑ described previously (21). As expected, bacterial replication was observed in the ΧΑΒ fraction of cells infected with less than 5 bacteria was much higher with ΧΒ≅ LVS∆FTL_0200 than with LVS (60% versus 7%), suggesting impaired intracytosolic ΧΒΑ growth of LVS∆FTL_0200. ΧΒΒ
ΧΒΧ
Role of MoxR in stress resistance. The growth kinetics of LVS and LVS∆FTL_0200 ΧΒ∆ demonstrated that deletion of FTL_0200 had no impact on bacterial growth in broth ΧΒΕ
(data not shown). To determine if the F. tularensis MoxR protein is involved in stress ΧΒΦ
tolerance, we monitored the survival of LVS(pFNLTP6pgro), LVS∆FTL_0200 ΧΒΓ (pFNLTP6pgro) and LVS∆FTL_0200(pFNLTP6pgro-moxR) strains, under various ΧΒΗ conditions.
ΧΧ?
Reactive oxygen species have been reported to play a role in control of F. ΧΧ≅ tularensis infections (10). We therefore first examined the tolerance of the two strains ΧΧΑ to oxidative stress by determining the number of viable bacteria after exposure to ΧΧΒ 6A ). The ΧΧΧ LVS∆FTL_0200(pFNLTP6pgro) strain was much more sensitive to oxidative stress ΧΧ∆ than the wild-type strain. It showed a 2-fold decrease in viable numbers already after ΧΧΕ 10 min; and a 1,330-fold decrease was observed after 1 h exposure to 10 mM H 2 O 2 . ΧΧΦ
The LVS∆FTL_0200 mutant appears to be more sensitive to oxidative stress than the ΧΧΓ clpB mutant of LVS, previously characterized (21). Indeed, no significant survival ΧΧΗ defect was detected in that mutant up to 2 h after incubation with the same Χ∆? concentration of H 2 O 2 . To ensure that the observed survival phenotype resulted from Χ∆≅ inactivation of FTL_0200 and not from polar effects on downstream genes, we Χ∆Α complemented the mutant strain with a plasmid-encoded copy of FTL_0200. Χ∆Β Introduction of the plasmid (pFNLTP6pgro-moxR) restored bacterial viability to same Χ∆Χ level as in the wild-type parent (Fig. 6A) , confirming the specific involvement of Χ∆∆
FTL_0200. Χ∆Ε
F. tularensis may also encounter a low pH environment when it transiently resides Χ∆Φ inside a phagosome after entry into macrophages although the importance of this Χ∆Γ process in bacterial phagosomal escape is debated (7, 8, 27) . We determined whether Χ∆Η the LVS∆FTL_0200 mutant was impaired in its ability to endure acid stress, by ΧΕ?
incubating the LVS and LVS∆FTL_0200 strains in normal growth media adjusted to ΧΕ≅ pH 4.0 (Fig. 6B ). Both LVS(pFNLTP6pgro) and LVS∆FTL_0200(pFNLTP6pgro) ΧΕΑ were sensitive to low pH, but the ∆FTL_0200 mutant strain showed a 33-fold increase ΧΕΒ of mortality after 4 h. The complemented strain exhibited viability at the same level as ΧΕΧ the wild-type parent. Sensitivity of the ∆FTL_0200 mutant was similar to that ΧΕ∆ recorded previously for the LVS clpB mutant (21). We also evaluated the impact of ΧΕΕ the ∆FTL_0200 deletion on bacteria subjected to heat, ethanol and SDS stresses. ΧΕΦ When subjected to high temperature (50°C), the number of viable bacteria of the ΧΕΓ LVS∆FTL_0200 mutant was 62-fold lower than that of the wild type strain after 1 h ΧΕΗ (Fig. 6C) . In media containing a high concentration of ethanol (10% ethanol), the ΧΦ? number of mutant bacteria was 40-fold lower than of LVS bacteria after 2h (Fig. 6D) ; ΧΦ≅ and in media containing 0.05% SDS (Fig. 6E) LVS and ∆FTL_0200 mutant strains were prepared essentially as described ΧΓ≅ previously (17) and compared (see Materials and Methods). In all, 994 proteins were ΧΓΑ identified and quantified using four iTRAQ data points and were submitted for the ΧΓΒ exploratory statistical analysis (Table S1 ). Only 16 proteins presented a ΧΓΧ ∆FTL_0200/LVS ratio different from 1, and statistically significant in at least 3 out of ΧΓ∆ 4 comparative analyses ( Table 2) . As observed previously, differences in protein ΧΓΕ abundance were rather small (17), confirming that the values recorded by the iTRAQ ΧΓΦ technique can only be used for a relative quantitative evaluation of protein abundance. ΧΓΓ As expected, the lowest values were recorded for FTL_0200 (mutant/wild-type ratios ΧΓΗ of 0.0994 ; 0.2311 ; 0.2610 and 0.2631, respectively, see Table S1 ). These values ΧΗ?
were not null probably due to background detection in the assay. Since these values ΧΗ≅ were not statistically interpretable, they were not listed in Table 2 . The amount of ΧΗΑ three proteins (FTL_0227, FTL_1433, FTL_1947) was significantly reduced in the ΧΗΒ ∆FTL_0200 mutant strain as compared to LVS, suggesting that they required MoxR ΧΗΧ for proper expression and/or stability. We performed real time RT-PCR on these three ΧΗ∆ genes in LVS and LVS∆FTL_0200 strains to evaluate a possible impact of MoxR at ΧΗΕ the transcriptional level. The data revealed that the expression of the three genes was ΧΗΦ almost identical in LVS and in the deletion strain (data not shown), further supporting ΧΗΓ a role of MoxR in protein stability. ΧΗΗ found at lower levels in the LVS∆FTL_0200 mutant strain as compared to wild-type ∆Χ≅ LVS i.e. suggesting that they required MoxR for expression and/or stability. Real ∆ΧΑ time RT-PCR assays confirmed that MoxR had no significant impact on the ∆ΧΒ expression of these genes at the transcriptional level (data not shown). ∆ΧΧ Interestingly, the gene encoding the third protein FTL_1947 (also designated yjjk) ∆Χ∆ has been identified in two different in vivo screens for virulence genes (32, 38) . The ∆ΧΕ precise role of FTL_1947, encoding a putative ATP-binding protein of an ABC ∆ΧΦ transporter, is currently unknown. Unexpectedly, the majority of proteins (13) were ∆ΧΓ found at higher levels in the moxR mutant than in the wild-type strain, including 7 ∆ΧΗ proteins encoded by the FPI. The impact on proteins of the FPI is presumably very ∆∆?
indirect and might be a consequence of the complex regulations that govern its ∆∆≅ expression (20). Several hypotheses can account for the absence, in the proteomic ∆∆Α analysis, of proteins that could be directly associated with oxidative stress response ∆∆Β (such as superoxide dismutases, catalases and peroxidases): i) FTL_0200 inactivation ∆∆Χ may alter enzymatic activity but not protein stability; ii) FTL_0200 may play only an ∆∆∆ indirect role in resistance to H 2 O 2 ; iii) the growth conditions used; or iv) a technical ∆∆Ε limitation (the low sensitivity of the iTRAQ methodology to detect minor changes in ∆∆Φ protein amount). ∆∆Γ ∆∆Η A link between stress resistance and pathogenesis. As mentioned earlier, the ∆Ε? regions (+12 bp, between FTL_0200 and FTL_0201; between FTL_0201 and ΦΧ∆ FTL_0202; between FTL_0202 and FTL_0203; +1 bp, between FTL_0203 and ΦΧΕ FTL_0204; between FTL_0204 and FTL_0205; between FTL_0205 ΦΧΦ and FTL_0206; +6 bp, between FTL_0206 and FTL_0207; +7 bp, between FTL_0207 ΦΧΓ and FTL_0208; and 33 bp, between FTL_0208 and FTL_0209) . 
